We report on the integration of large area CVD grown single-and bilayer graphene transparent 
Multispectral photodetectors (MS-PDs) provide an alternative solution to standard CCD/ CMOS sensors with color filters (Bayer pattern) or transverse field detectors 1 for the detection of specific spectral bands [2] [3] [4] . Unipolar 5, 6 , bipolar 3,7-9 and multi-terminal [10] [11] [12] hydrogenated amorphous silicon (a-Si:H) MSPDs allow reconstructing color information in images without integrating color filters by utilizing a biastunable maximum of the spectral response (SR) 13 . The spectral response of state-of-the-art c-Si p-i-nand p-n-junction PDs, in contrast, is limited to one single maximum 14 , typically selected through color filters on individual pixels 15 . Alternatively, c-Si sensors with different spectral maxima can be stacked on top of each other 4, 16 , but this approach is limited to few different colors by the doping profiles 4 , 17 .
Nevertheless, such vertical sensor structures provide the opportunity to reduce the active sensor area and increase the spatial resolution of detector arrays significantly 18 . Filterless a-Si:H photodetectors can be grown vertically with graded doping profiles, such that high-energy photons are absorbed close to the sensor surface while low-energy photons will penetrate deeper into the sensor structure. Furthermore, the absorption coefficient of a-Si:H exceeds that of crystalline silicon (c-Si) in the visible spectrum between 400 nm up to 750 nm 19 . Charge carriers generated at different device depths can then be extracted by applying a negative bias voltage between the top and bottom electrode of the p-i-n structure, driving the device in the photo diode mode. All vertical multispectral detector concepts share the need for a transparent conductive electrode (TCE). Conventional transparent conductive oxides, e.g. aluminum doped zinc oxide (ZnO:Al), have been used in the past in a-Si:H MS-PDs and resulted in a tunable maximum spectral response from 420 nm to 630 nm 13 . However, the transmittance (T) of ZnO:Al electrodes decreases from 85% at visible wavelengths to approximately 20% at 350 nm, before it vanishes, limiting their applicability in the ultraviolet (UV) range 20 . Graphene, in contrast, shows high transmittance of approximately 97.7% over a large electromagnetic spectrum 21, 22 , which is considerably higher than that of other TCEs such as carbon nanotubes 23, 24 and thin metallic films 25 A schematic cross-section of an a-Si:H MS-PD as investigated in this work is shown in Figure 1a . The detector has a wide bandgap material (amorphous silicon carbide, a-SiC:H) close to its surface and a narrow bandgap material (amorphous silicon germanium, a-SiGe:H) near its backside. The schematic band diagram of such p-i-n diodes under reverse bias condition is shown in Fig. 1b . In these vertical devices, the charge carrier drift length l drift can be tuned with a bias voltage (i.e. electrical field E) to transport photon-generated charge carriers towards the contacts following equ. 1
where µ is the charge carrier mobility and τ is the charge carrier lifetime. The predominant location of charge generation in the device depends on the energy of photons: high energetic photons will generate electron-hole pairs near the top contact, while low energetic photons will penetrate deep into the device 
The corresponding measurement of a PD with a ZnO:Al electrode ( Figure 2b ) reaches a maximum DR of 99.58 dB at V bias = -0.9 V (Figure 2d ). This higher value can be attributed to a higher series resistance in the graphene/a-Si:H diodes: the electrode sheet resistances were measured independently on glass substrates to be 1.3 kΩ/□ for single layer graphene and 20 Ω/□ for the much thicker ZnO:Al. We note that the graphene electrode is smaller than the ZnO:Al electrode (0.81 mm² vs. 1 mm²) due to technological reasons: graphene had to be removed at the edges of the device to avoid short-circuiting.
In addition, the J-/V characteristic of the reference device with ZnO:Al contact displays a built-in voltage of 0.4 V, while no considerable built-in voltage can be extracted from the J-/V curve of the graphenecontacted detector. We suppose that the low charge carrier density in graphene [41] is not sufficient to create a space-charge region under illumination.
Spectrally resolved photoresponse measurements were performed by selecting narrow wavelength bands (Δλ < 10 nm) from the light source with a monochromator in the spectral range from 300 nm to 800 nm. The setup was calibrated with a reference c-Si photodetector to achieve absolute spectral 
where h is the planck constant, c is the speed of light, q is the elemental charge of an electron and λ is the wavelength of the light. The maximum SR of the sensor with the ZnO:Al electrode is 339 mAW -1
(QE = 76.43%) at a bias of -11 V. Even though the performance of the conventional device appears to be superior due to lower series resistance, the advantage of graphene PD becomes apparent in the UV range (320 nm). This UV part of the spectrum is rather inaccessible with conventional TCEs. Here, the SLG device shows a UV response enhancement by a factor of 4.39 (SR = 118.16 mAW -1 , see Table 1) compared to the ZnO:Al reference device (SR = 26.94 mAW -1 ).
Multispectral sensing occurs by reading out the wavelength of maximum response for a given bias voltage. The maximum SR for the SLG diode can be shifted from 380 nm at -1 V to 550 nm at -11 V, compared to a shift from 520 nm to 560 nm for the ZnO:Al electrode. The upper detection limit is almost identical in both cases (SLG: 550 nm, ZnO:Al: 560 nm), indicating that the light penetration and absorption in the deeper regions of the diode is similar for both electrodes. Since both detector types have been fabricated on the same chip at the same time, the difference in the low bias region, i.e. where absorption in the upper part of the diode dominates the photocurrent, must be due to the front contact.
The precise origin of this difference is not entirely clear at the moment, but is not the main focus of this work. Nevertheless, a sharp drop of photocurrent below approximately 400 nm can be clearly observed in diodes with ZnO:Al electrodes, confirming previous results 36 . This drop is associated with the transmission properties of the ZnO:Al, which blocks UV light (Figure 3b ).
An additional advantage of ultra-thin graphene electrodes are suppressed local SR maxima that are clearly visible in the ZnO:Al PD (here: at 380 nm, Figure 2f ). These local maxima are due to interference patterns due to the refractive index mismatch of the ZnO:Al-/a-Si:H interface, as confirmed by simulations of the material stacks (Figure 2g, h) . The optical simulations were performed with OPTICS which was developed for modeling the total transmittance, the total reflection and the absorption of each layer in a thin-film multilayer system for illumination at normal incidence. Iterative calculations are based on fundamental equations 37 describing the complex transmittance/reflections of electromagnetic waves at two thin film interfaces, including wavelength dependent phase shift and damping. The normalized absorption of the simulated pin-devices with graphene and ZnO:Al front electrodes take into account the wavelength dependent refractive indices and extinction coefficients. The material data for amorphous silicon 38 , ZnO:Al 39 and graphene 40 was adapted from literature as well as partly taken from own measurements.
The absence of these local minima leads to a broader usable spectrum, because it enhances the signal linearity of graphene-based multispectral photodetectors, which is essential for further color corrections 18 .
We further explore the opportunity to utilize graphene electrodes for flexible electronics on Kapton polyimide substrates. Gold bottom electrodes were deposited first, on which graded a-Si:H films were grown (see methods section for details). Single-and bilayer graphene (BLG) electrodes were then transferred as transparent electrodes, the latter in order to investigate the potential for optimizing diodes by reducing electrode sheet resistance. A photograph of a flexible MS a-Si:H PD with graphene electrodes on polyimide is shown in Figure 3a . The bilayer graphene exhibits a broadband transmittance of 96.5% ( Figure 3b ) and a sheet resistance of 600 Ω/□, measured on glass. ZnO:Al or other transparent conductive oxides are not suitable for this type of application because their brittleness limits mechanical bending of the devices 41 .
A flexible multispectral diode with a single layer graphene electrode exhibits a maximum dynamic range of 44.89 dB at -3.3 V (Figure 3c ). The device with a bilayer graphene electrode shows an almost six times higher current density in the J-/V curves (Figure 3d ) under illumination than the SLG device, comparable to the performance of the rigid device. The maximum DR of the flexible bilayer PD is 59.79 dB at -3.6 V.
Interestingly, we did not observe a shift of the threshold voltage (zero current) under illumination, a common feature in semiconductor PDs that depends on the bandgap of the semiconductor material and the fermi levels in the doped regions.
The absolute spectral response of the flexible PD with SLG electrode is shown in Figure 3e and exhibits bias-tunable maxima between 133.69 mAW -1 at 510 nm and 67 mAW -1 at 320 nm. In comparison, the flexible device with BLG electrode exhibits enhanced performance with maximum SRs of 238.57 mAW -1 at 530 nm and 108.07 mAW -1 at 320 nm, respectively (Figure 3f ). The QE of the bilayer graphene device is 41.88% at 320 nm which is approximately four times higher than the rigid MS sensor with a ZnO:Al top contact (QE = 10.44%).
The main performance parameters of the detectors investigated in this work are summarized in Table 1 .
The flexible devices were tested further on bending test fixtures (Figure 4a ). J-/V curves were measured under strained conditions (Figure 4b, 4c) . The radii of curvature were 25 mm and 6.35 mm, resulting in tensile strain of approximately 0.25% and 1%, respectively. Even after bending the sample 100 times with 0.25% strain and 10 times with 1% strain, the optoelectronic performance remained nearly constant. A similar detector with ZnO:Al, in contrast, changed its J-/V characteristics strongly when strained by 0.25% and failed completely at a tensile strain of ~1% (Figure 4c ).
In conclusion, we presented the implementation of large-area graphene transparent conductive CVD-grown SLG on copper 42 was transferred onto the a-Si:H stack via a PMMA assisted wet transfer 43 .
This transfer process was repeated for the BLG devices. For the reference detector, a 220 nm thick 
